The non-linear differential equation that describes the coupling between water transport and solute transport in the apoplast canal system in plants was proposed by Katou and Furumoto in 1986. In the present paper, we analytically solved the equation in order to find the law describing the canal system. In the canal system, water transport is regulated linearly by solute transport under physiological conditions. The approximate solution of the differential equations defines the conditions of the structure and components of the apoplast canal for optimal water absorption. Water absorption during cell elongation in plants requires that the apoplast canal be composed of a cell wall with an appropriate diffusion coefficient for solute.
Introduction
Coupling between water transport and solute transport that is dependent on local osmotic gradients has been proposed in both animals and plants. In animals, fluid absorption by intestinal epithelia and secretion by gall bladder epithelia have been reported (Diamond and Bossert 1967) . In plants, the apparent active uptake of water during elongation growth is thought to depend on local osmotic gradients in the wall apoplast canal surrounding the xylem vessels Furumoto 1986a, Katou and Furumoto 1986b) . Narrow, long canals, such as microvilli and apoplast canals are necessary to generate local osmotic gradients.
The apoplast canal system surrounding xylem vessels is composed of the apoplast canal made up of cell walls, an active solute uptake system and cell membrane Furumoto 1986a, Katou and Furumoto 1986b) , as shown in Fig. 1 . Living cells surround the canal, and solutes are actively transported between the canal and the cell across the boundary membrane. Xylem fluid enters the canal at both ends and is absorbed from the canal into the surrounding cells across the boundary cell membrane. Because the cell wall has a small diffusion coefficient for solutes, solutes are distributed unequally in the canal, leading to a lower concentration of solutes in the center of the canal. Water is then transported passively depending on the local osmotic gradient and hydraulic conductivity of the membrane.
Absorption of water through the apoplast canal in plants has been described with non-linear differential equations derived from solute flow and water absorption Furumoto 1986a, Katou and Furumoto 1986b) . Diffusion and volume flow drive solute flow, and the difference of water potential across the cell membrane drives water absorption. In the simplest case, the third-order non-linear differential equation that describes this relation is:
(1) where (Symbols used in this paper are defined in the Abbreviations.)
In the present work, we solved this equation analytically and proposed a formula for regulating water transport mediated by the canal system. Further, we clarified the conditions of the structures and components of the canal system that contribute to regulating water transport. We focused particular attention on the diffusion coefficient (D), because in plants the apoplast canal is composed of a cell wall and not a simple aqueous solution as it is in animals (Diamond and Bossert 1967, Whittembury 1985) . The D of the canal is low compared with values in animal systems Furumoto 1986a, Katou and Furumoto 1986b) .
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Analytical solution
Boundary conditions for the differential equation (1) are:
(ii) No force to move water is produced at the entrance of the canal.
= 0 for x = l and x = -l (2.c) By following the procedure described by Segel (1970) , equation (1) is solved via the perturbation method. The solution of non-linear differential equation (1) is then expanded into a power series of I s .
When (3) is substituted for (1) and the coefficient for I s i is set to zero, each differential equation
should satisfy boundary conditions (2.a), (2.b) and (2.c), which are the same as v(x). v 0 (x) then becomes zero for all x.
For the first-order solution, the term proportional to I s is:
where The above expression for the solution of the differential equation differs from that of Segel (1970) . In contrast to Segel's work, the expression in the present work is not dimensionless. Moreover, the canal model in plants is different from that in animals (Diamond and Bossert 1967, Segel 1970) . In the present case, both ends of the canal are open Furumoto 1986a, Katou and Furumoto 1986b) .
The values of each parameter used for analysis according to Katou and Furumoto (1986b) are as follows: Guggino and Gutknecht 1982) here is smaller than that given in other reports (Diamond and Bossert 1967, Whittembury 1985) (1.5´10 -9 m 2 s -1 , D of aqueous solution), because the components of the canal in plants have a small D.
Results and Discussion

Water absorption is regulated linearly by solute transport
We examined the relation between solute absorption and water absorption. I v as a function of I s is shown in Fig. 2 . The solid line shows the linear component, and the dotted line shows the result containing the non-linear component of equation (3). The former is the result if only the first-order term of I s is calculated, and the latter is the result of calculating the firstand the second-order terms of I s . Under physiological conditions, I s varies up to 670 nmol m -2 s -1 (Katou and Furumoto 1986b) , the difference between the solid line and the dotted line is small. At I s = 100 nmol m -2 s -1 or 500 nmol m -2 s -1 , the difference between them is 0.8% or 3.7% respectively (physiological range in Fig. 2 ). On the other hand, when I s = 1,000 nmol Fig. 1 Structure of the apoplast canal system surrounding a xylem vessel according to the model proposed by Katou and Furumoto (1986b) . Both ends of the canal are xylem vessels. Water is supplied through the xylem vessel from roots. Because solutes are absorbed through the cell membrane from the canal to the cell, an unequal distribution of solutes is generated in the canal. Water then moves passively from the canal to the cell due to the osmotic gradient. 
m
-2 s -1 or 2,000 nmol m -2 s -1 , the difference between them is 7.5% or 14.9% respectively. Hence, although equation (1) is non-linear, I v is nearly proportional to I s in plants as shown in equation (5).
(5)
This indicates that with the canal system the absorption of water is regulated linearly by solute transport. The linear relation between solute transport and water transport was experimentally observed in the similar canal system in animals (Curran and Schwartz 1960 , Oschman and Berridge 1971 , Spring 1998 ). The present work is the first report that demonstrates the linearity in plants by analytical methods using physiological data.
The I v /I s ratio is transformed to the value that indicates the number of molecules of absorbed water per one molecule of absorbed solute. In the present study, 552 water molecules were absorbed from the apoplast canal to the symplast when one molecule of solute was absorbed into the symplast. This value, the W/S ratio, varies widely depending on the materials. In animals, the W/S ratio estimated from experimental data was 74 for rat ileum (Curran 1960) , 655 for rat colon (Curran and Schwartz 1960) , 1090 for amphibian kidney (Whittembury 1960) and 10099 for Malpighian tubules in insect (Oschman and Berridge 1971) . This wide range in the W/S ratios is likely due to the changeable physiological parameters of the canal system.
Structure and components of the apoplastic canal
The structure and components of the apoplastic canals probably control the function of the system. The analytical solution of equation (1) indicates that the W/S ratio is determined with l 2 /Dd (Appendix 1). D represents the canal component and l 2 /d represents the canal structure. We attempted to determine the ranges of d and l 2 that yielded the same W/S ratio (552±10%) under various D values.
The slashed area in Fig. 3 shows the ranges of the thickness (d) and the square of the length of the canal (l 2 ), which yield a W/S ratio 552±10% when D is 3.0´10
-11 m 2 s -1 , the value for the cell wall. The range of d is 0.1-10 mm in plants (Nobel 1991) . When the value for D is 1.5´10
-9 m 2 s -1 , which is that of aqueous solution (Nobel 1991) , the range of d and l 2 that yield the same W/S is limited significantly as shown in the blank area in Fig. 3 . In this case, the canal is very thin or very long. When D is 1.0´10
-13 m 2 s -1
, which is that of the cell membrane, (estimated from Gennis 1989), the range of d and l 2 is as shown in the dotted area in Fig. 3 , and the canal is very thick or very short. These results indicate that the values for the thickness (d) and length of the canal (l) should be very different from the actual values in plants when the value of D is inappropriate. Thus, in plants, the canal component must be the cell wall with an appropriate D value.
Local osmosis under various conditions of the canal components
The distribution of the solute concentration in the canal and W/S under various conditions of D are shown in Fig. 4 .
The solute concentration in the canal (C a ) as a function of the position of along the canal (x) is:
A case where normal conditions with parameters that have the values mentioned at the last portion of the Analytical solution section is shown in Fig. 4a . We show cases when the value of D is changed. The numbers in the figures express the W/S in each case.
When D is very large (1.5´10 -9 m 2 s -1 , the value of aque- , the value of an aqueous solution. The dotted area represents the case when D is 1.0´10
-13 m 2 s -1 , the value of the cell membrane.
ous solution), solutes in the canal can move quickly into the flow of water in the canal, and a local osmotic gradient sufficient for water absorption into the cells is not generated (Fig.  4b) . When the canal component has very small D (1.0´10
-13 m 2 s -1 , the value of the cell membrane), solutes in the canal cannot move freely, but are absorbed from the canal into the surrounding cells to generate a strong local osmotic gradient. This results in absorption of too much water into the cells (Fig. 4c) . These results indicate that water absorption is insufficient when the canal component is aqueous solution, and water absorption is excessive when the canal component is the cell membrane. When the cell wall is the canal component, water is absorbed appropriately.
It is therefore important for water absorption in plants that the apoplast canal be composed of cell wall. Cell walls are not merely support structures in plants. The cell wall contributes to appropriate water absorption by providing the canal system that generates local osmotic gradients and movement of water. In the presence of the canal system, water absorption is probably regulated by solute absorption, which is controlled actively by the cell membrane.
Appendix 1
The proof that is determined by :
where
Assuming that K, L p and T are kept constant, is determined by Al. This assumption is reasonable because these parameters are not changed in auxin-promoted elongation in plants (Katou and Furumoto 1986b) .
From (A2)
As K, L p and T remain constant, Al is characterized by . Therefore, is determined by .
Appendix 2
From equation (6¢) in Katou and Furumoto (1986b) ,
From (4) (A7) , the value of the cell membrane).
